Objective: Coding variants in the GBA gene have been identified as the numerically most important genetic risk factors for Parkinson's disease (PD). In addition, genomewide association studies (GWAS) have identified associations with PD in the SYT11-GBA region on chromosome 1q22, but the relationship to GBA coding variants have remained unclear. The aim of this study was to sequence the complete GBA gene in a clinical cohort and to investigate whether coding variants within the GBA gene may be driving reported association signals.
Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disorder and is generally estimated to affect 1 % of people over 60 years of age, with increasing prevalence in higher age groups. PD is mainly a sporadic disease, but family and candidate gene studies have identified a number of genes related to PD pathogenesis [1] . There is particular interest in the GBA gene and its relationship to risk for PD. Homozygous GBA mutations cause the autosomal recessive lysosomal storage disorder Gaucher disease. However, heterozygous GBA mutations have been identified as the numerically most important genetic risk factors for PD, and 5-10% of PD patients have been reported to carry GBA mutations [2] . The two GBA coding variants E326K and T369M do not cause GD in the homozygous state and were initially considered to be benign polymorphisms. There is now increasing evidence in support of the variant E326K as a risk factor for PD, while the association between T369M and PD has been less clear.
Genome wide association studies (GWAS) have linked a number of risk loci to PD susceptibility [3] . Association signals emerging from GWAS typically involve dozens of gene variants in high linkage disequilibrium (LD) encompassing several genes. This complicates the identification of the functionally relevant variants within risk loci.
In PD, an early GWAS reported an intronic disease-associated polymorphism within the SYT11 gene on chromosome 1q22 [4] . Later, a meta-analysis of several GWAS found an association between a coding variant in the GBA gene, E326K, and PD [5] . GBA is located about 650 kb from SYT11, within the same block of LD referred to as the GBA-SYT11 locus. The largest and most recent meta-analysis of PD GWAS reported two independent associations within the GBA--SYT11 locus, but the relationship between the reported signals and GBA coding variants was not examined in detail [3] .
The aim of this study was to investigate the frequency of GBA mutations in our population and if the two GBA variants E326K and T369M are associated with PD in a Scandinavian case-control series. We also wanted to assess to what degree coding GBA variants are linked to the GBA-SYT11 association signals reported for PD.
Methods

Patients and controls
We included samples from three Scandinavian biobanks in our study. From Oslo University Hospital 486 patients (mean age at onset 56 years; SD 11 years) and 473 controls (mean age at inclusion 62 years; SD 11 years) were included. 173 patients (mean age at onset 66 years; SD 9 years) and 187 controls (mean age at inclusion 66 years; SD 9 years) originated from the ParkWest study. 127 patients (mean age at onset 68 years; SD 10 years) and 53 controls (mean age at inclusion 65 years; SD 7 years) were from the NYPUM study at Umeå University Hospital. All PD patients were examined by a neurologist and diagnosed according to the revised UKPDSBB criteria (Oslo and Umeå) or Gelb criteria (ParkWest). The majority of patients were screened for the LRRK2 G2019S mutation, in addition a large subset of patients was also sequenced for genes causing Mendelian forms of PD (SNCA, PRKN, PINK1, LRRK2, and VPS35) . Patients with pathogenic mutations in these genes were excluded from the study. Control subjects consist of spouses of patients, outpatients in primary care and healthy volunteers, all without neurological disease and known parkinsonism among first degree relatives. The study was approved by the Regional Committee for Medical Research Ethics (Oslo, Norway).
Sample and data collection at each study site was approved by local ethics committees. All participants gave written, informed consent.
Identification of GBA coding variants
To identify all coding variants in the GBA gene we analyzed sequencing data from 366 patients from the Oslo patient series. All coding exons of the GBA gene were part of a gene panel examined by targeted deep sequencing of DNA pools as described previously [6] . Putative variants were identified by bioinformatic analyses and individually validated by Sanger sequencing. Pools with a read depth below 80x at the relevant position were excluded from analysis of that specific variant. The GBA gene was amplified in distinct fragments. To avoid amplification of the pseudogene, we used primer sequences designed to DNA regions exclusive to the GBA gene. PCR products were sequenced with a selection of previously described sequencing primers (all primer sequences are available upon request). The conventional nomenclature for GBA alleles was used, excluding the 39-residue signal peptide. In silico prediction of deleteriousness of the identified variants was performed by the use of Combined Annotation Dependent Depletion (CADD) v1.3, a method integrating and combining multiple genome annotations [7] .
Genotyping and statistical analyses
Two identified GBA variants, E326K (rs2230288) and T369M (rs75548401), were genotyped in all 786 cases and 713 controls. We also genotyped the primary risk SNP (rs35749011) and a second independent risk SNP (rs114138760) located within the GBA-SYT11 locus identified by a recent meta-analysis of genome-wide association studies [3] . Genotyping was performed by KASP and TaqMan SNP genotyping assays on a Viia7 instrument (Life Technologies, Foster City, CA, USA). The genotype call rate was above 98% for each individual variant. Statistical analyses were performed in PLINK (https://www.cog-genomics.org/plink/1.9/). We tested for Hardy-Weinberg equilibrium (HWE) in controls, observing no significant departure.
We assessed the association between each single variant and disease status with Chisquare test and calculated odds ratio (OR). LD between GBA coding variants and GWAS risk SNPs were analyzed by using Haploview 4.2 software (https://www.broadinstitute.org/haploview/haploview).
Results
We identified two low-frequency coding variants in GBA (E326K and T369M) in the sequenced samples. Five additional coding variants and one potential splicing variant were identified by sequencing, each variant only occurring once.
Only three of these variants have been described in Gaucher disease patients (N370S, R463C, IVS3+1G>A). The remaining three variants are to our knowledge novel and thus of unknown significance (V457A, G377D, W357R). The novel variants all have a CADD score above the suggested cutoff on deleteriousness. Information on the GBA variants identified by sequencing is summarized in Table 1 .
Subsequent genotyping of the two low-frequency variants in all samples revealed that E326K (rs2230288) was significantly more frequent in PD patients compared to controls (OR 1.65, p=0.03). There was no clear association of T369M (rs75548401) with disease (OR 1.43, p=0.24). When genotyping the two meta-GWAS hits rs35749011 and rs114138760 in the same sample set we observed a significant association of rs35749011 in PD patients (OR 1.67, p=0.03), while rs114138760 was found to have similar allele frequencies in patients and controls (OR 0.91, p=0.83) ( Table 2 ).
The location of the SYT11 and GBA genes, as well as top hit SNPs from previous GWAS are shown in Figure 1 a. Analyses of the pairwise LD between the four genotyped variants revealed that E326K and rs35749011 are in very high LD with a r 2 of 0.95 (D´=0.98) (Figure 1 b and c) . Therefore, it is likely that E326K in GBA explains the association observed at rs35749011 in previous studies. The LD between T369M and rs114138760 was low, indicating that the secondary association signal reported by Nalls et al. is independent of this coding variant.
Discussion
Our results confirm that the GBA variant E326K is a susceptibility allele for PD. The frequency of E326K and T369M seem to be higher in our Scandinavian case-control series compared to other European populations. Our study was nevertheless underpowered to identify the previously reported association between PD and T369M. However, we note that the odds ratio was similar to that reported by a recent meta-analysis of T369M [8] .
GBA mutations may cause a deficiency of the enzyme glucocerebrosidase (GCase) leading to an accumulation of glucocerebroside within lysosomes. Although E326K and T369M do not cause GD in the homozygous state, they have been shown to modify GCase activity. Studies expressing GBA constructs with E326K suggest that this polymorphism reduces enzyme activity [9] . An association between T369M
and reduced enzyme activity has also been reported in carriers of this variant [10] .
Such a modification of GCase activity may contribute to PD risk in concert with other risk variants/small biochemical alterations.
We found a low frequency of GBA mutations in our study, as only 6 of 366 (1.6%) carry known or novel rare mutations. The patients sequenced in our study are included from a tertiary care hospital, and a large proportion of these patients have been treated with deep brain stimulation (DBS). Cognitive impairment is an exclusion criterion when evaluating PD patients for DBS. We may have selected against carriers of GBA mutations since this group of PD patients have been reported to have an accelerated cognitive decline [11, 12] . The mutation frequency in a previous Norwegian study is low, indicating that GBA mutations may be rare in hospital-based studies from this population [13] .
In this study GBA mutations were identified by analyses of data from a pooled sequencing experiment. We have previously reported a high sensitivity of this approach [6] . Furthermore, a high number of exons were Sanger sequenced to validate both rare mutations and low frequency variants, without identifying any additional mutations. We thus find it unlikely that the low frequency of GBA mutations should be caused by low sensitivity of our sequencing method.
Mutations in GBA play an important role in PD, as GBA mutation carriers have an increased disease risk, earlier age at onset, and faster progression. In addition to cognitive decline, various other nonmotor symptoms including REM sleep behavior disorder, hyposmia, and autonomic dysfunction seem to be more frequent [14] . Interestingly, it has recently been demonstrated that also the E326K variant predicts a more rapid progression of cognitive dysfunction and motor symptoms in patients with PD [15] . Thus, GBA variants influence the heterogeneity in symptom progression observed in PD. This observation may have important clinical implications, especially if GBA-specific treatment will become available.
Our results suggest that the low-frequency GBA variant E326K may fully account for the primary association signal observed at the chromosome 1 SYT11-GBA locus in previous GWAS of PD. This is in accordance with a previous report by Pankratz et al. where E326K reaches genome-wide significance [5] . Recent GWAS have not clearly reported the relationship between identified association signals and GBA variants, which could inform functional studies. SYT11 has therefore been considered a potential PD-related gene, since a GWAS reported an intronic disease-associated polymorphism within this gene [4] . Further genetic evidence linking SYT11 to PD has however been scarce. The largest and most recent metaanalysis of PD GWAS to date located the association signal in an intergenic region hundreds of kilobases away from SYT11, but still kept the gene in the naming of the locus. In an attempt to functionally characterize this locus, several studies of synaptotagmin (SYT11) and its role in PD pathogenesis have recently been performed [16] . We report very high linkage disequilibrium between E326K and the primary association signal, emphasizing GBA as the causal gene at the chromosome 1 SYT11-GBA locus. On the other hand, we found no evidence that the secondary signal at this locus was related to the coding GBA variant T369M. In the meta-analysis by Pankratz et al. the GBA mutation N370S is detected as a second independent signal at the SYT11-GBA locus [5] . We are not able to study this due to the very low frequency of N370S in our population.
Identifying the functionally relevant variants within disease risk loci identified by GWAS is important to understand the disease mechanisms involved in disease pathogenesis of PD. Most genetic risk variants fall outside coding regions and do not alter the amino acid sequence of proteins. Until recently, the functional characterization of risk-associated loci has been hindered by the limited annotation of the human genome outside coding sequences. However, approaches to successfully characterize the functional nature of these loci are emerging. Future studies will hopefully lead to the identification of specific genes and pathways that could serve as actionable therapeutic targets.
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